OBJECTIVE: To re-analyse the previously reported linear relation between Quetelet's body mass index (BMI) and mortality, among men from the Adventist Mortality Study after accounting for effects due to age at measurement of BMI, smoking history and race. DESIGN: Prospective cohort study. To speci®cally account for effects due to age at measurement of BMI, smoking history and race, our methodology includes: 1, computing hazard ratios for BMI quintiles from a proportional hazard regression, with`time on study' as the time variable, and age at baseline as a covariate; 2, conducting separate analyses of middle-aged (age 30 ± 54 y) and older (age 55 ± 74 y) men; and 3, restriction of the analyses to neversmoking, non-Hispanic white males. SUBJECTS: 5062 men (age: 30 ± 74 y, BMI: 14 ± 44 kgam 2 ) from the Adventist Mortality Study. MEASUREMENTS: Subjects reported data on anthropometric, demographic, medical, dietary and lifestyle characteristics at baseline and were enrolled in mortality surveillance during a 26 y study period (1960 ± 1985). RESULTS: During the early years of follow-up (years 1 ± 8, 9 ± 14), we found some evidence of excess risk among the leanest men that was probably due to the effects of antecedent illness. During the later years of follow-up (years 15 ± 26), effects due to antecedent illness were not apparent and a signi®cant positive, linear relation between BMI and all-cause mortality was consistently found among middle-aged (30 ± 54 y) and older (55 ± 74 y) men. Disease-speci®c analyses of the later follow-up (years 15 ± 26) revealed that the positive linear trends with all-cause mortality, were primarily due to excess risk of cardiovascular disease and cancer among the heavier men. Among older men, a signi®cant inverse relation between BMI and respiratory disease mortality risk was identi®ed during later follow-up (years 15 ± 26), but this effect attenuated after restriction of the analyses to men with no baseline history of respiratory disease. CONCLUSIONS: The re-analysis con®rms the ®ndings of a positive, linear relation between BMI and all-cause mortality, reported in the original study.
Introduction
The association between Quetelet's body mass index (BMI) and disease-related mortality among men, has frequently been reported as being J-or U-shaped, 1 indicating an excess risk of disease-related death among overweight and underweight men. However, a few recent studies, 2 ± 6 have reported a direct, linear relation with BMI, indicating an excess risk of disease-related death, particularly from coronary heart disease. 4 ± 6 The inconsistent ®ndings for mortality risk among lean subjects have been partly attributed to differences in study methodology. 7 Speci®cally, the excess mortality risk observed among lean subjects has been attributed to (1) the higher prevalence of cigarette smoking among lean subjects and (2) the likelihood that low body weight may be re¯ecting the effects of disease-related weight loss. It is noteworthy that, in a number of studies of men where these effects were accounted for by exclusion of smokers, deaths from the early years of follow-up andaor subjects with presumptive evidence of baseline illness, the excess mortality risk among lean subjects was either attenuated or no longer evident. 2 ± 6,8 ± 13 In a recent study of 8828 Seventh-day Adventist men, Lindsted et al 3 reported a linear relation between BMI and disease-related mortality, after adjusting for the effects of smoking history, antecedent illness and other pertinent confounders in a multivariate model. In that study, the authors determined risk from a survival analysis, that used attained age as the basic time variable. Thus, the impact of BMI on`age at death' was speci®cally examined as an a priori hypothesis. In a critique of this study, Sorkin et al 14 proposed that the use of`age at death' as a time variable may bias the observed BMI-mortality relation since this methodology does not account for effects due to age at measurement of BMI.
In this report, we have examined the relation between BMI and the 26 y risk of disease-related mortality in the same cohort of Seventh-day Adventist men. In this re-analysis, we have accounted for the possible effect of age at measurement on the BMImortality relation by using a survival analysis that measures time on study, adjusts for baseline age and considers middle-aged and older men in separate analyses. Also, to more effectively control effects due to smoking history and race, when reporting the BMI±mortality relation in this cohort, the re-analysis was conducted only among never-smoking, non-Hispanic whites.
Methods
In 1960, 27 530 Californian Seventh-day Adventists aged !30 y completed a four-page American Cancer Society questionnaire 3 and then enrolled in a 26 y mortality follow-up (1960±1985). The details of this population and validity of the death ascertainment procedure have been described in the original report 3 and in previous studies of the population. 15, 16 In the male respondent population (n 8828) previously studied, there was an insuf®cient number of current smokers, past smokers, non-whites or subjects aged !75 y to allow for a separate analysis of each group. Since the impact of BMI on mortality was likely to be different in these groups, 17, 18 we restricted the re-analysis to 5062 non-Hispanic white males, aged 30±74 y, who never smoked (no current and past smoking).
The major study endpoint was all-cause mortality as de®ned in the original report. 3 Speci®cally, subjects who died from poisonings, accidents and congenital malformations (ICD-9: 740-759, 800-999) contributed person-time until the year of death, but these deaths were not included in the mortality endpoints. Diseasespeci®c endpoints considered in certain analyses included mortality from cardiovascular disease (ICD-9: 390-398, 400-404, 410-414, 420-429, 430-438, 440-458), cancer (ICD-9: 140-239) and all other fatal disease.
For this analysis, we speci®cally sought to determine the risk due to`overweight' and`underweight'. Therefore, we computed risk for BMI Quintiles I and V, relative to BMI Quintiles II±IV, from a Cox proportional hazard model with time on study as the time variable. All models included a continuous, logtransformed variable for age at baseline. Larger models included the following additional covariates: alcohol use (ever used vs never used), meat intake (!1Â per week vs`1Â per week), education (!12 y vs`12 y), marital status (currently married vs other), history of heart disease, history of stroke and history of cancer.
The assessment of linear and non-linear trends between BMI and mortality risk, was of particular interest in this re-analysis. Simple tests of trend, such as the Mantel test, evaluate the null hypothesis of the no linear trend component in the data, but cannot formally test for a direct vs J-or U-shaped relation. To address this issue, we replaced the indicator variables for BMI quintiles I and V in each model, with terms for an unrestricted quadratic spline function of the continuous BMI variable and used parameter estimates for this function to test for trend. These methods have been described in detail by Greenland 19 and their speci®c application to the BMI±mortality curve have been described in our previous work. 20 Brie¯y, the unrestricted quadratic spline model given below, ®ts a quadratic function within BMI Quintiles I, II±IV and V.
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To test for non-linear trend, we used the signi®cance level determined from a log likelihood ratio test of the quadratic terms (log(BMI) 2 2 quadratic spline terms) from this model as a formal test of deviation from a monotone relation. When a signi®cant nonlinear trend was statistically`ruled out' by these methods, we tested for linear trend using a model with log(BMI) as the only variable for BMI. Speci®-cally, we have reported linear trend as being the signi®cance of the regression coef®cient b, where the hazard ratio BMI b . For each model used to determine linear or non-linear trend, we performed in¯uence analysis by generating index plots of the`delta-beta' value 20 and assessed the overall model ®t by computing score residuals. 20 For one of the models (Table 2 , all-cause middle-aged, years 15±26), two in¯uential outliers were identi®ed by these methods and excluded when determining trends.
In formal tests of the proportional hazard assumption, where f represents a discrete function of time (indicator variables for time on study), terms for BMI quintile 6 f (time on study) attained signi®cance (P`0.0001, log likelihood ratio test) in models evaluating the age-adjusted all-cause mortality risk for BMI quintiles during the 26 y follow-up period. The dependency of the BMI±mortality relation on time, is also evident when the age-adjusted log(cumulative hazard function) was determined for each BMI quintile category, from direct standardization of the Kaplan Meier estimator 21 and plotted against follow-up time in Figure 1 (men aged 30±54 y) and Figure 2 (men aged 55±74 y). To account for nonproportional hazards across BMI categories during the 26 y period, we divided the follow-up period into four smaller study periods (years 1±8, 9±14 15±19, 20± 26) of approximately equal person-years, where the hazard rate would¯uctuate less. Using formal tests of the model assumption described above, no violation of the model assumption was found within the four smaller study periods. To achieve four discrete`study periods', two modi®cations to the populations within Body mass and 26 y risk of mortality among never-smoking men KD Lindsted and PN Singh each of the periods were needed: (1) subjects with follow-up times after the end of the study period were censored at the end of that speci®ed period and (2) deaths occurring before the beginning of a study period were excluded from the analysis for that speci®c study period.
For each study period, we further accounted for effects due to age at baseline, by stratifying the analysis into middle-aged (30±54 y) and older (55± 74 y) men.
Results
During 116 207 person-years of follow-up (1960± 1985) , 1304 deaths (775 cardiovascular, 286 cancer, 243 other natural causes) were identi®ed among the 5062 never-smoking males of the study population. Selected baseline characteristics are presented by BMI quintile category in Table 1 . Signi®cant betweencategory differences indicated that weekly meat intake and history of hypertension were more prevalent among men in BMI quintile V.
For the four study periods described above (years 1±8, 9±14, 15±19, 20±26), an age-adjusted hazard ratio for BMI quintiles I and V and trends (linear, non-linear), were determined for men in each age stratum (age 30±54 y, 55±74 y). These models revealed that the BMI-mortality relation in the last two study periods (years 15±19, 20±26) were quite similar, an effect also evident on the 26 y hazard plots in Figure 1 and Figure 2 . Therefore, for the ®nal analysis these two study periods were combined to make a larger interval (years 15±26), in which no dependency on follow-up time was identi®ed using methods mentioned above. In Table 2 , age-adjusted hazard ratios for BMI quintiles I and V and trends (linear, non-linear) are presented by study period (years 1±8, years 9±14, years 15±26) and age stratum (middle-aged, 30±54 y; older, 55±74 y).
In Table 2 , weak trends (P`0.01) during early follow-up (years 1±8, 9±14), include a non-linear relation (U-shaped) among middle-aged men and an inverse relation among older men; both effects linking higher mortality risk with lower BMI. However, during later follow-up (years 15±26 y) a signi®cant, positive linear relation between BMI and all-cause mortality was evident among middle-aged and older men. In larger models, adjustment for potential confounders described above had little effect on the hazard ratios or trends in Table 1 .
Exclusion of men who reported being`presently sick' at baseline, attenuated the non-linear relation among middle-aged men (hazard ratio (HR), years 9± 14: 1.3, 1.0, 1.4; non-linear trend, P`0.30), and the inverse relation among older men (HR, years 1±8: 0.8, 1.0, 0.8; linear trend, P`0.90) observed during early follow-up, but did not appreciably alter trends for the later study period (years 15±26). These latter Figure 1 The relation between body mass index (BMI) and allcause mortality as shown by age-adjusted cumulative hazard functions for BMI Quintiles I, II ± IV and V among never-smoking middle-aged (30 ± 54 y) men during 26 y of follow-up. Body mass and 26 y risk of mortality among never-smoking men KD Lindsted and PN Singh data suggest that the excess risk among the lean, evident during early follow-up (years 1±8, 9±14), was probably due to antecedent illness. Hence, we conducted a more detailed disease-speci®c analysis of the later study period (years 15±26) where effects due to antecedent illness were less likely to be present. Among middle-aged men surviving 15±26 y, the data in Table 2 indicates that the signi®cant linear relation with all-cause mortality was primarily due to cardiovascular disease mortality. The J-shaped relation with other' causes suggests elevations in risk at the extremes of the BMI distribution. Although rates for speci®c disease groups among the`other' causes were low (9 deaths from respiratory disease, 31 deaths from nonrespiratory diseases), a signi®cant inverse trend for mortality from respiratory diseases (HR, years 15±26: 1.2, 1.0, 0.4; linear trend, P 0.04) was found.
Among older men surviving 15±26 y, the data in Table 2 indicates that the signi®cant linear relation with all-cause mortality was attributable to positive relations with both cardiovascular disease and cancer. However, the overall disease-speci®c results from the older men indicate that the positive trend for all-cause mortality does not re¯ect positive trends in all disease categories. Speci®cally, a signi®cant inverse trend with`other causes', was shown on further analyses, to be due to a more than two-fold elevation in risk of death from respiratory illnesses (ICD-9 460-466, Figure 2 The relation between body mass index (BMI) and allcause mortality as shown by age-adjusted cumulative hazard functions for BMI quintiles I, II ± IV and V among never-smoking older (55 ± 74 y) men during 26 y of follow-up. Table 2 The relation between body mass index (BMI) and all-cause mortality among never-smoking middle-aged (30 ± 54 y) and older men (55 ± 74 y) during three study periods of the 26 y follow-up * Hazard ratio was determined from a Cox proportional hazard model with indicator variables for BMI quintile I and V (relative to quintile II ± IV) and a covariate for age. Deaths and Person-Years represent only the mortality and survival time occurring within the given study period (that is, a death at year 9 is assigned 8 y as a non-decedent during`years 1 to 8', 1 year as a decedent during`years 9 to 14', and excluded from the analysis for`years 15 to 26'). { Linear trend was determined from a Cox proportional hazard model with a variable for log(BMI in kg/m 2 ) and a covariate for age. The signi®cance level of the regression coef®cient b, where Hazard ratio (BMI in kg/m 2 ) b is reported as linear trend when no signi®cant non-linear trend was identi®ed. ± , indicates that this criterion was not met. Linear trend reported in italics print denotes negative linear trend. { Non-linear trend was determined from Cox regression of an`unrestricted quadratic spline model', 19 with variables log(BMI in kg/m 2 ), log(BMI in kg/m 2 ,) 2 , two quadratic spline terms and a covariate for age. The signi®cance level from a log likelihood ratio test of the quadratic terms (log (BMI in kg/m 2 ) 2 , two quadratic spline terms) is reported as a non-linear trend.
Body mass and 26 y risk of mortality among never-smoking men KD Lindsted and PN Singh 473-494,496,510-519) among the leanest older men. The signi®cant inverse relation with respiratory disease mortality presented in Table 2 , was attenuated after exclusion of men reporting history of respiratory illness (asthma, bronchitis, tuberculosis) at baseline (HR, years 15±26: 1.5, 1.0, 0.8; linear trend, P 0.15), and substantially attenuated (HR, years 15 26: 1.1, 1.0, 0.8; linear trend, P 0.31) after further exclusion of men reporting severe respiratory symptoms (coughing, shortness of breath, sore throat) or recent weight loss (b10 lbs up to ®ve years before baseline).
Discussion
In this report, we have examined the relation between BMI and 26 y mortality risk among 5062 neversmoking, non-Hispanic white men from a Seventhday Adventist cohort. 3 Among these men, we found evidence of excess all-cause mortality risk among the lean, only during the early follow-up. This effect has been shown in other studies 2,4,7 ± 13 and is probably due to the effect of subjects who were lean due to an illness that resulted in death during the early followup. Thus, the major ®nding from this re-analysis is the signi®cant linear relation between BMI and all-cause mortality risk that is evident after long-term follow-up (15±26 y, ) during long term followup of older men. This effect among older men may be re¯ecting age-related changes in body composition, whereby fat-mass increases relative to fat-free mass for the same body weight. 21 Thus, as demonstrated here, pathophysiological effects of adiposity among older men may be evident at a BMI substantially lower than 27 kgam 2 . This latter effect identi®es an inherent limitation in the use of a single BMI cutpoint for optimal weight throughout adulthood, and underscores the need for direct or analytical measures 21 that account for body composition in population studies.
Overall, the re-analysis con®rms the positive, linear BMI-mortality relation, reported in the original study, 3 but also provides new insight that excess mortality risk from speci®c diseases (that is respiratory) observed among lean never-smoking men during long term follow-up, can still re¯ect the effects of antecedent illness.
